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Symmetry relations for heavy-to-light meson form factors at large recoil * 
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The description of large-recoil heavy-to-light meson form factors is reviewed in the framework of soft-collinear 
effective theory. At leading power in the heavy-quark expansion, three classes of approximate symmetry relations 
arise. The relations are compared to experimental data for D — > K* and Ds <j> form factors, and to light-cone 
QCD sum rule predictions for B n and B ^ p form factors. Implications for the extraction of \Vub\ from 
semileptonic B ^ p decays are discussed. 



1. Introduction 

Form factors describing heavy meson decays 
into energetic light mesons are an essential ingre- 
dient for extracting CKM parameters from ex- 
perimental B decay measurements. The QCD 
description in this kinematic regime is compli- 
cated by the existence of multiple energy scales, 
and by the competition of different scattering 
mechanisms. The methods of effective field the- 
ory can be used to disentangle the different en- 
ergy scales, and to provide a systematic heavy- 
quark expansion. The soft-collinear effective the- 
ory (SCET) has been developed to accomplish 
this task |ll2l3l4l5| . | 6l7j. 

This talk reviews the description of form factors 
in SCET. The following SecEloutlines the repre- 
sentation of weak current operators in the effec- 
tive theory, and the resulting form factor expres- 
sions. SeclSlintroduces three classes of symmetry 
relations which emerge from the effective theory 
at different levels of approximation. These pre- 
dictions are compared with existing experimen- 
tal data on D meson decays, and with light-cone 
QCD sum rules (LCSRs) for B decays. The im- 
plications for extracting \Vub\ from semileptonic 
B ^ p decays are briefly discussed. Sec. 0] com- 
ments on possible scaling violations of the form 
factors relative to the naive dependence de- 
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rived from power counting in perturbation theory. 
A summary is presented in Sec. [3 

2. Form factors in SCET 

The decay of a heavy B-meson into an energetic 
light meson necessarily involves the interplay of 
soft partons in the heavy meson, with momen- 
tum ps of order Aqcd, and "coUinear" partons 
in the light meson, which carry a large energy E 
in the direction of the outgoing meson but have 
small virtuality, ~ ^qcd- "^^^ QCD ampli- 
tudes are parameterized by matrix elements of 
local currents, e.g. 

{7r{p')\qrb\B{p)) 

^F+{q^){p + pr + F-{q^){p-pr, 

where q — p — p' . SCET describes the large- 
energy/heavy-quark expansion of such quantities 
in the limit E ~ rrif, ^ Aqcd- 

It is convenient to work with light-cone coordi- 
nates, (n-k,h-k,k±), where in the B rest frame 
(with velocity = (1,0,0,0)), and with the 
light meson emitted in the +z direction, n'^ = 
(1,0,0,1) and = (1,0,0,-1). Upon integrat- 
ing out hard momentum modes, > m^, QCD 
currents are matched onto two types of SCET op- 
erators relevant at leading order: ^ 



^The notation and conventions are as in I8I9I . See also the 
references before 151 . 
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qTb = Cf{E)J^ 



The hard-scattering term is given by 



duCf{E,u)jf{u) + 



(2) 



where 



' ds 
2^ 



(3) 



Here h is the heavy quark field in HQET ^]. X 
and A are fermion and gluon fields in SCET con- 
taining "hard-coUinear" momenta, pf^^ ~ (ps + 
PcY ~ mfeAqcD- In J^{u), X and A carry 
fractions u and 1 — u, respectively, of the large- 
component momentum h ■ p — 2E. 

Upon taking matrix elements, the A- type 
SCET currents yield the soft-overlap form factor 
contributions (evaluated at renormalization scale 

{M{p')\XTh\B,) 



2E (4) 
= -Cm(S,m) tT{MM{n)TMiv)} , 

where M — P, V± or V\i denotes a light pseu- 
doscalar or vector meson (with transverse or lon- 
gitudinal polarization). MMin) and M{v) are 
spinor wavefunctions for M and B correspond- 
ing to the large-energy and heavy quark limits. 
The single function (^m{E) in describes all 
soft-overlap contributions to form factors involv- 
ing the same final-state meson 

The B-type SCET currents in ^ yield factor- 
izable hard-scattering contributions to the form 
factors. After integrating out hard-collinear 
modes in a second matching step, these contri- 
butions may be expressed in terms of a pertur- 
batively calculable hard-scattering kernel convo- 
luted with light-cone wavefunctions, 0b and ipM, 
for the heavy and light mesons, respectively. 

At leading order in the Aqcb /mb expansion, 
the form factors are therefore expressed as the 
sum of two terms |12I13I14I15| : 



B-*M 



(E) = Cf{E,^i)CM{E,t,) + AFf^'''iE) 



duj 



du 



(5) 



SEKpiti) Jo uj Jq 
X (j)B(uj,y) (l)M{u,y) 

xj du'Jr\u,u',\n—^,^i\cj^iE,u\fj,). 

(6) 

Here Jr is the Wilson coefficient for the second 
step of matching, with Jr = J7|| for M = P, V\\ 
and Jr = Ji_ for M = Vi_ 8 . fs and /m 
are decay constants, and Kp = 1-1- 0{as) re- 
lates the QCD and HQET heavy-meson decay 
constants JUj. The perturbative expansions of 
Cf and of Jr in ® involve logarithms of the 
ratios ii/E and ix^/2Euj, with uj ~ Aqcd, so 
that large logarithms are unavoidable in fixed- 
order perturbation theory. These logarithms may 
be resummed using renormalization-group (RG) 

methods nmnEi. 

3. Symmetry relations 

Eqs. |SJ| and 10 can be used to relate any two 
B M form factors. Given the meson LCDAs, 
these relations are perturbatively calculable up 
to Aqcd/"16 corrections. However, since the B- 
meson LCDA is poorly constrained at present, it 
is useful to find relations which are independent 
of detailed assumptions for (pBi^)- Three types of 
relations arise, which for descriptive purposes will 
be called "first-", "second-" and "third-class". 

Two relations describing B ^ V± decays hold 
to all orders in |8I12I18| . 

First class relations: 
A,{q')^{l-e){l + mv)-'V{q^), (7) 

Here q = p~p' for the B{p) — ^ M{p') transition, 
and hatted variables are in units of niB'- my = 
mv/iTiB, q^ = q^/m\, etc. Kinematic factors 
linear in the light mass are retained, and q^ = 
— 2EmB + 0{my) is used to express the form 
factors as a function of q^. 

■^Form factor conventions are as in I12I8I . 
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At tree level the coefficients Cf in © are inde- 
pendent of momentum fraction u' . When radia- 
tive corrections at the hard scale are neglected, 
the convolutions then yield a universal function 
Hm{E) 0, 

(8) 

Eq. (|SJ is exact to all orders in the perturbative 
expansion of the jet function J7r, neglecting only 
hard-scale radiative corrections in Cf . In this ap- 
proximation, the two hadronic functions, C.M and 
H]\j , may be eliminated to yield relations between 
the three B ^ P and B V\\ form factors, 

Second class relations: 
= Fo{q^) + (1 + mp)-^ fPriq^) , 
{l + my)-'[V{q')~A^{q^)] 

= 2mvAo{q^) + e [ri(q2) _ TgCg^)] . 

Finally, neglecting the hard-scattering terms 
/S.Fi in (O altogether yields the "large-energy" 
symmetry relations obeyed by the soft-overlap 
terms P^ . 

Third class relations: 
F+{q')^{l-ey'F,{q') 

= {I + rnp)-^ FT{q^) , 
Ao{q^) = (1 - <f) (2my)-i (1 + mvY^ 
X [V{q^)-A^{q^)\ 
= (2my)-i(l-g2) [Ti(g2)_r3(q2)] , 
T,{q^) = {l + mv)-'V{q^). 

(10) 

All relations in Q, © and pU|) are expected 
to receive ©(AqcdZ-E) corrections, of order 10 — 
20%. Symmetry-breaking corrections in lO and 
ijlUjl due to Cf could be included trivially, but 
this effect is < 5% in all cases |12I9| . From 
current estimates of the hard-scattering terms, 
H/C ~ 0.1 - 0.2, radiative corrections to 

^Estimates are based on LCSR form factor predictions 
(of. Sec. 13.31 . or directly from sum rule analyses of the 
S-meson wavefunction I19I20I . 



Table 1 

Experimental values for form factor ratios ry, r2 
and r3 (see text), taken from |21j . 





D K* 




rv 


1.62 ±0.08 


1.92 ±0.32 


r2 


0.83 ±0.05 


1.60 ±0.24 


r3 


0.04 ±0.33 ±0.29 





also have very little effect on symmetry relations. 
The second-class relations (jSJ should then hold 
with similar accuracy to the first-class ones (UJ, 
whereas the third-class relations (|10|l ignore the 
hard-scattering terms entirely and so may receive 
larger corrections. 

3.1. D decays 

D mesons, to the extent that the heavy quark 
expansion in Aqcd/^c is valid, can be ana- 
lyzed in precisely the same way as B mesons. 
Table ^ lists current experimental data for 
rv = y(0)Mi(0), r2 = A2(0)Mi(0) and = 
^3(0)Mi(0). 5 For instance, rv is determined by 
a first-class relation, IJJ), which in terms of energy 
becomes, 

2EV{E) = {l + rnvf Ai{E). (11) 

A similarity in measured values ry for D —t K* 
and Dg ^ (j> could suggest that this ratio is de- 
termined largely by kinematic factors, as would 
be the case if a relation such as (|11|) were valid. 
In contrast, the ratio r2 appears to exhibit a 
large SU{3) symmetry-breaking. At = for 
D ^ K* decay, yields 

r^-''^' ^{niD+niK'f / {ml+m\,) = 1.7^ . (12) 

The apparent agreement of (|12|l with the ex- 
perimental value was counted as an early success 
of the large-energy symmetry relations . How- 
ever, before taking this agreement seriously, it is 
important to realize that quadratic meson-mass 
effects shift the prediction considerably. For in- 
stance, directly from the definitions of form fac- 
tors V and Ai in terms of QCD matrix elements, 

= A2/2 + mv(l + mv)(Ao- A-i)/cp, with 2mv A3 = 
(1 + m^)Ai — (1 — iriy)A2. This form factor contributes 
only when lepton masses are relevant. 
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Figure 1. Predictions for ry using the relations 
{I + mv)^Ai/V = {2E (solid), 2kv (dashed), 
E+'kv (dotted) }. 

it is most natural to assume the symmetry rela- 
tion, 

2kvV{q^) = {\ + mvfAi{q^), 



(13) 



where ky = \J — niy = {n-p' — n ■p')/2 is the 
3-momentum of the light meson. In this case, 

r^^^^' w {mD+mK')/{mD~mK') = 2.81. (14) 

Alternatively, it is convenient to express SCET 
quantities in terms of the large momentum com- 
ponent, n ■ p' = E + kv- ^ The quantities E, ky, 
and {E + fcy)/2 differ by terms of order uiy/E'^, 
and coincide in the large-energy limit. As shown 
in Fig. ^ the resulting difference in symmetry 
predictions for ry is very small for B decays to 
light mesons, e.g. at rhv = nip/mB — 0.15, 
but is large for typical D decays, e.g. at my = 
niK'/mD = 0.48. Unless such effects can be 
reliably accounted for, the application of large- 
energy symmetry relations to D decays appears 
problematic. This issue could be further investi- 
gated experimentally, for instance by measuring 
ry(g^) = V{q'^)/Ai{q'^) and comparing to the q^ 
dependences predicted by ((TTIl or l(T^ . 

SCET symmetry relations may also be used to 
relate B and D decay form factors involving the 
same final state meson. For example, in decays to 
pseudoscalar mesons, at the level of second-class 
relations, 



Ft 



Ft 



TUB 


Cp + 


( 4£ 

\rnB 




Hp 




Cp + 


( 4g 
\ nir> 




Hp 



(15) 



Here Cm a-nd are quantities independent of 
the heavy-quark mass, 

Cm^V^Cm, (tt^) Hm = ^/tti^Hm ■ (16) 



/ms 
V 2E 

Similarly, for decays to vector mesons, 

yB^V 



iV-A2) 



yD^V 
Af^ 

B^V 



mo fTiB + my 



m_B mo 



niB tud 



my 
■ my 



mpi niB + my 



(17) 



(V-A, 



niD ruB + my 



Hx, 



iriB rriD -\- my 



CV|| 



AE 
mo 



l]Hv 



Bin 



, n ■ p' is simply denoted by 2E. 



Relations (|15|l and H17|) hold at the same value of 
the light meson energy E, or equivalently at the 
same value of the recoil parameter v-v' = E/iriM-i 
where p' = tumv' . These are generalizations of 
corresponding relations in HQET, which counts 
V ■ v' as order unity; when hard-scattering correc- 
tions Hm are neglected, the leading order predic- 
tions of HQET [22] are recovered. In contrast, 
the SCET power counting allows v ■ v' = E/niM 
to be a large parameter. This is not very relevant 
for D decays to vector mesons, e.g. v ■ v' < 1.3 in 
D — > K* decays, but is important near maximum 
recoil in Z? — > tt decays, where v ■ v' ~ 6. 

It is possible that the heavy-quark symmetries 
relating B and D decays (|17ll might still be valid, 
even if the large-energy symmetry predictions ap- 
plied directly to the D system, as in (|ll|l and 
p3(l . are not useful. Using LCSR predictions 
for B and Bg decays |2S|) and neglecting hard- 
scattering terms, the predictions from (|17|l for 
the ratios ry, r2 and for D K* are 1.71, 
0.75 and 0.38, respectively, while the predictions 
for the ratios ry and r2 for — s- (f> are 1.74 
and 0.87. These numbers are expected to receive 

30% corrections proportional to l/rric, in addi- 
tion to the > 15% uncertainties from the B decay 
form factors. The agreement with experimental 
values in Table is reasonable with the possi- 
ble exception of r^^'^- It would be interesting 
to test these relations more precisely when more 
data becomes available. 



5 



3.2. Semileptonic branching fractions 

The differential rate for semileptonic B decay 
to a vector meson (e.g. V = p) is, neglecting 
lepton masses, 



dq'^d cos ( 



IK 



^2 



(1 



1^4 



COS! 



o 2 



(1 



sin^ 



1287r3 
COS 61)2 I 

W 
ml 



2to| 



(18) 



where is the angle between the charged lepton in 
the virtual W rest frame, and the direction of the 
W in the B rest frame. The helicity amplitudes 
may be expressed in terms of form factors. 



TUB 

ruB 



1 + mv 

(1 + rhvf {e - Ai - 2klA2 



(19) 



where as usual, hatted variables are in units of 
niB- H+ vanishes at leading order in Aqcd/£', 
by the first-class symmetry relation ^ In the 
large energy limit, the remaining helicity ampli- 
tudes are ^ 



= 2 1 



(20) 

so that the differential rate satisfies 
dr(B ^ Ylv) 



1\Z 



(X (1 - q') 



dcosl 



2{l + cos0fe\CvA''+^^^^SKvS 



(21) 



^Note that 1131 is the "exact" form of the symmetry re- 
lation (cf. the discussion in Sec. 

EJ- In the same way, 
Hq involves the "exact" version of the combination pro- 
portional to V — A2 ■ 

* Corrections to the large-energy limit can in principle be 
computed, but for simplicity they are not included in the 
following discussion. 



It is apparent from H21|l that without angular dis- 
crimination, the contribution from ICv^P is sup- 
pressed relative to that from \C,V\\ P at (f' < 0.25, 
or < TGeV^. Unfortunately, it is Qv^ that can 
be most cleanly constrained by other measure- 
ments. For example, the value of C,v±_ at = 
can be related to the B branching frac- 

tion. ^ Reducing the uncertainty due to (.v^ re- 
quires a restriction either to small 9 or to larger 
values of q"^. The latter case, using ^ 0.6 — 0.7, 
has been proposed to extract \Vub\ using con- 
straints imposed by D ^ K* and D ^ p de- 
cays although a good understanding of power 
corrections is required for this approach to yield 
a precision measurement. 

Using the naive scaling prediction C,v± oc (^v^ oc 
(1 — q^)~^ in (|21|l gives some indication of the 
small q^ behavior of dT/dq^: 



dT 
dcf 



cx 1 -I- 4 



\QvA 



(22) 



where ICv^P/ICv^iP is evaluated at q^ — 0. As 
discussed in the next section, LCSRs suggest that 
this ratio is close to unity, but also that the scal- 
ing of C could receive significant corrections. De- 
termining this residual q^ dependence from first 
principles is an important problem. For example, 
when combined with the extraction of C,v±{<l^ = 0) 
from B — !■ p7, it could provide a largely model- 
independent determination of \Vub/VtdVtb\ |25| . 

3.3. Light cone sum rules 

LCSRs give predictions for all i? ^ tt and 
B p form factors at large recoil, and it is in- 
teresting to compare these predictions with the 
symmetry relations Q), Q and Figs. [3 El 

and 0] show the LCSR predictions for B P, 
i? — > T^l and B ^ V± decay form factors, re- 
spectively, using the results of |28l2()j . Ten- 
sor form factors are evaluated at renormalization 
scale p = nib = 4.8 GeV. Normalizations are cho- 
sen such that at leading power, F^^^^ — (]\f up 
to hard-scattering and radiative corrections. Ac- 



^If corrections to SU{3) symmetry can be brought under 
control, the branching fractions for B — > iC*7 and B 
K*l^l~ could also be used to obtain both Qv, and C,v„ ■ 
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Figure 2. LCSR predictions for B 
tors, taken from |26i 
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Figure 3. LCSR predictions for B p\\ form 

factors, taken from [531 . Figure 5. LCSR predictions for B ^ tt form fac- 

tors obeying second-class symmetry relations. 



cording to the power counting obtained in per- 
turbation theory, the soft form factors scale as 
cx (1 — q^)~'^, and this factor is extracted in 
the plots. 

For the cases B ^ P and -B — > Vj| , the form 
factors obey only third-class relations, so that 
the deviation of the curves is a measure of hard- 
scattering terms. In particular, since the hard- 
scattering corrections to Aq and V — A2 are posi- 
tive, while that to T1 — T3 is negative the devi- 
ations from the symmetry relations may be par- 
ticularly large for these curves. For the B V± 
case, both Ai and V, and Ti and T2, obey first- 
class symmetry relations, whereas Ai and Ti obey 
only third-class relations. 

Figs.|Sland|nishow the form factors in Q obey- 
ing second-class symmetry relations. Compari- 
son of the corresponding curves in Figs. El and 
and in Figs. |31 and El shows that in both cases 
the second-class relations are satisfied more accu- 
rately than the third-class relations, as expected. 



4. Scaling violations 

The LCSR results in Figs. (2-0 show a signif- 
icant deviation from the 1/E'^ dependence pre- 
dicted from naive power counting. In fact, us- 
ing first and second class relations to isolate the 
soft-overlap terms, the sum rule results give in 
all cases, d{\n / dq'^ « 1.3 at = 0, to be 
compared with the naive scaling prediction of 
d{\nC)/df = 2. 

Perturbative contributions to scaling violations 
can be investigated by considering the RG evolu- 
tion equation |1I16I15| . 

d\nC{E,^^) 2E 

Ti = -Fcusplasjln 7("s), (23) 

aln^ fi 

where at one-loop order, rcusp(Q:s) = Cpas/n 
and 7(as) — —bCpois/^TT- The solution of 
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Figure 6. LCSR predictions for B p|| form 
factors obeying second-class symmetry relations. 

relates ({E, /i) at different scales, 



a{fj,,fj.Q) 



X exp 

where 

a(^,/io) = 



—"f{a,{fi )) 



(24) 



p("s(m')): 

/ ^rcusp(as(M'))ln4 ■ 



(25) 



For instance, up to hard-scale radiative correc- 
tions, C,{E,ii = 2E) describes the soft-overlap 
part of the physical form factors, and may 
be related to C{E,fio), for a lower, energy- 
independent, scale /io (say /zq ~ IGeV). The 
slope at = then satisfies: 



d 
dq 



— lnC{E,f, = 2E) 



_d 

dq 



— InC(£;,Aio) 



ni6 



'MO 

0.28-0.13. 



rcusp(as(M)) +j{as{mb)) 



(26) 



where the last line is evaluated at /xq = 1 GeV. 
The first term on the right-hand side of (|26|l is 

^"In fact, taking the hard scale fj, = 2E (as opposed to fi = 
mj,), the remaining dependence of the Wilson coefficients 
on energy is very mild so that e.g. (^p{E,fi = 2E) 
should accurately describe the energy-dependence of the 
soft-overlap contribution to -F-|-. 



positive for all fiQ < mi,, while the second is 
independent of fiQ. Any large deviation of the 
form factor slope from the naive scaling predic- 
tion, particularly any negative correction, must 
therefore arise from the nonperturbative function 

The situation is analogous to that for heavy- 
heavy meson transitions at large recoil. At lead- 
ing order in the heavy-quark expansion, _B — > D 
form factors are described by the single Isgur- 
Wise function, 



{D,,\hi'}Th'i'^\B,) 



'S,{v-v', ^i)tv{M{v')TM{v)) , 
(27) 



which obeys the evolution equation, 



d\n£,{v ■ v',fi) 
din II 



= -T. 



cusp 



(28) 



Here rcusp('/'j Q^s) is the universal cusp anoma- 
lous dimension [27], and (j) = arccosh(w • w') is 
the angle between initial and final meson ve- 
locities. At one loop order, rcusp(</', ctg) = 
{Cpcts/n) {(j)coth(j) — 1). Considering large re- 
coil V ■ v' ^ "^fc/AqcD ^ 1, the Isgur-Wise func- 
tion ^ behaves similarly to the soft SCET form 
factor In particular, ^ (x (w • w')^^ up to 
logarithms ^^l- Perturbative scaling viola- 
tions may again be calculated using H28() . but a 
nonperturbative dependence on v ■ v' remains in 
£,{v ■ v',iio). 

5. Summary 

Symmetry relations in the heavy-quark/large- 
energy limit for heavy-to-light meson form factors 
provide a valuable handle on otherwise poorly 
understood hadronic parameters. Application of 



^^At large values of the cusp angle, the coefficient of \nv-v' 
is defined to be the angle-independent cusp anomalous 
dimension 1281 . FcuspCas)- In the heavy-light case, the 
cusp angle becomes infinite, and the resulting RG equa- 
tion takes the form I23i . with a non-universal, but energy- 
independent, anomalous dimension 7. 

^^Also in this case, competing "hard-scattering" terms 
enter at the same order. At still larger recoil ti ■ ti' 2> 
mij/AqcDi the hard-scattering terms dominate. 
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the symmetry relations to D-meson decays, es- 
pecially into vector mesons, may be problematic 
due to large meson-mass effects; further experi- 
mental investigation could clarify this. Such ef- 
fects may largely cancel in ratios relating B — > M 
to D ^ M transitions at the same light-meson 
energy. Here SCET generalizes corresponding 
HQET relations to allow for large recoil energy, 
and would be important for relating the form fac- 
tors near maximum recoil for the semileptonic 
D ^ TT decay. 

The analysis of semileptonic B p decay be- 
comes especially simple in the large-energy limit, 
where only two helicity amplitudes contribute. 
Extraction of the remaining form factors from 
processes such B — > K*'-f or i? — > K*l^l^ (with 
an understanding of SU (3) violations) or from 
B —> pj (with an understanding of the depen- 
dence of form factors) have potential to provide 
useful CKM constraints. 

A comparison of the symmetry relations to 
LCSR predictions shows no sign of symmetry- 
breaking power corrections beyond the 10% level. 
In addition, the LCSRs show a large correction to 
the perturbative scaling behavior of the soft form 
factors. A better understanding of such scaling 
violations from first principles is an important 
problem, as is a study of power corrections for 
exclusive decays in the large-energy limit. Im- 
proved measurements coming from B decays at 
BaBar and Belle, and D decays at CLEO-c, will 
provide numerous tests and applications of the 
SCET predictions. 

Acknowledgments I thank T. Becher and M. 
Neubcrt for collaboration on projects underlying 
the topics discussed here. Research supported 
by the Department of Energy under Grant DE- 
AC02-76SF00515. 

REFERENCES 

1. C. W. Bauer, S. Fleming, D. Pirjol and 
I. W. Stewart, Phys. Rev. D 63, 114020 (2001). 

2. C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. 
Rev. D 65, 054022 (2002). 

3. J. Chay and C. Kim, Phys. Rev. D 65, 114016 
(2002). 



4. M. Beneke, A. P. Chapovsky, M. Diehl and 
T. Feldmann, Nucl. Phys. B 643, 431 (2002). 

5. R. J. Hill and M. Neubert, Nucl. Phys. B 657, 
229 (2003). 

6. T. Becher, R. J. Hill and M. Neubert, Phys. Rev. 
D 69, 054017 (2004). 

7. For a recent introduction, see the talk by 
T. Becher in this volume, hep-ph/0411065 

8. R. J. Hill, T. Becher, S. J. Lee and M. Neubert, 
JHEP 0407, 081 (2004). 

9. T. Becher and R. J. Hill, arXiv:hep-ph/0408344j 

10. For a review, see: M. Neubert, Phys. Rept. 245, 
259 (1994). 

11. J. Charles, A. Le Yaouanc, L. Oliver, O. Pene and 
J. C. Raynal, Phys. Rev. D 60, 014001 (1999). 

12. M. Beneke and T. Feldmann, Nucl. Phys. B 592, 
3 (2001). 

13. C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. 
Rev. D 67, 071502 (2003). 

14. M. Beneke and T. Feldmann, Nucl. Phys. B 685, 
249 (2004). 

15. B. O. Lange and M. Neubert, Nucl. Phys. B 690, 
249 (2004). 

16. T. Becher, R. J. Hill, B. O. Lange and M. Neu- 
bert, Phys. Rev. D 69, 034013 (2004). 

17. B. O. Lange and M. Neubert, Phys. Rev. Lett. 
91, 102001 (2003). 

18. G. Burdman and G. Hiller, Phys. Rev. D 63, 
113008 (2001). 

19. A. G. Grozin and M. Neubert, Phys. Rev. D 55, 
272 (1997). 

20. V. M. Braun, D. Y. Ivanov and G. P. Korchem- 
sky, Phys. Rev. D 69, 034014 (2004). 

21. S. Eidelman et al. [Particle Data Group Collabo- 
ration], Phys. Lett. B 592, 1 (2004). 

22. N. Isgur and M. B. Wise, Phys. Rev. D 42, 2388 
(1990). 

23. P. Ball and V. M. Braun, Phys. Rev. D 58, 
094016 (1998). 

24. Z. Ligeti and M. B. Wise, Phys. Rev. D 60, 
117506 (1999). 

25. S. W. Bosch and G. Buchalla, |hep-ph/040823T1 

26. P. Ball, JHEP 9809, 005 (1998)1 

27. G. P. Korchemsky and A. V. Radyushkin, Nucl. 
Phys. B 283, 342 (1987). 

28. I. A. Korchemskaya and G. P. Korchemsky, Phys. 
Lett. B 287, 169 (1992). 



